The influence of the bgl and bg2 mutations on the susceptibflity of mice to experimental cryptococcosis was studied in inbred mice of the C57BL/6J and C3H/HeJ strains. Although infected animals with the bglbg genotype had a significantly shorter lifespan than bgl+ or +/+ animals, C3H/He beige-2J mice were less susceptible than C57BL/6 beige-J mice when compared with nonbeige mice of similar background. On days 18 and 19 after infection, quantitation of cryptococci in the brain, liver, and spleen revealed that the overall burden of organisms in infected C57BL/6 beige-J mice was in excess of one log unit above that found in the brain, liver, and spleen of infected C57BL/6 +/+ mice. At that time, C57BL/6 beige-J mice showed a 53% increase in mean brain weight, a 67.8% decrease in mean liver weight, and a 58.6% decrease in mean spleen weight, when compared with uninfected animals of the same age and genetical lineage. The corresponding figures for C57BL/6 +/+ mice were a 32% increase in mean brain weight, a 41.4% decrease in mean liver weight, and a 23.4% decrease in mean spleen weight. From these data, it is concluded that (i) the beige mutation in mice is associated with increased susceptibility to cryptococcosis, (ii) the accrued susceptibility of the beige mutant is related to more rapid changes in the weight profile of the target organs as well as to a higher rate of growth or decreased clearance of Cryptococcus neoformans or both, and (iii) other autosomal genes are likely to be involved in the genetic control of susceptibility to murine cryptococcosis.
by passage in BALB/c nude mice. Quantitative assessment of growth was performed by the standard plate count technique on serial dilutions of brain homogenates. Plates showing the highest log titer of growth were used for seeding on brain-liver-heart agar semisolid medium (Difco Laboratories, Detroit, Mich.). The culture was harvested after incubation at 37°C for 48 h, dispensed in 1.0-ml aliquots into screw-capped vials, and stored at -85°C until needed. This frozen stock was periodically renewed. India ink preparations of the isolate revealed a rather thin capsule.
Preparation of inocula. Brain-liver-heart agar medium (50 ml) was seeded with the thawed contents of a culture vial. The culture was harvested after incubation at 37°C for 72 h. The organism was pelleted by centrifugation at 500 x g and repeatedly washed with sterile 0.9% saline until residual agar from the medium had been flushed away. A sample containing the resuspended organism was diluted 100-fold with 0.9% saline. The number of cells was counted in a hemacytometer chamber, followed by preparation of suspensions with final concentrations of 1 with an analytical balance. A volume of saline equal to 10 times the recorded organ weight was then dispensed into each tube. Grinding was achieved by vigorous mechanical shaking (S8220 mixer; American Scientific Products, McGaw Park, Ill.). Serial 10-fold dilutions of homogenates were prepared. After mixing, 10-,ul samples were removed from selected dilutions and uniformly spread on brain heart infusion agar in 90-mm petri dishes. Bacterial contamination was prevented by the addition of penicillin (20 U/ml) and gentamicin (10 ,ug/ml) to the culture plates. Counts were recorded after incubation at 37°C for 72 h. When animals could not be processed at once, they were immediately frozen in sealed packages at -20°C. Counts obtained on these frozen cadavers were similar to those obtained from animals which were processed immediately. Histopathological studies. Infected animals were sacrificed at various time intervals, and specimens were fixed in 10% buffered formaldehyde solution. Tissues were embedded in paraffin, sectioned (5 ,um thickness), and stained with hematoxylin and eosin (H&E) or periodic acid-Schiff.
Statistical analysis. The data were fed to a computer database. Uninfected animals (n = 27) were sacrificed at the median survival time of corresponding experimental subgroups to obtain reference values for organ weights. Infected C57BL/6 (+/+) mice were sacrificed at the median survival time of C57BL/6 beige-J (bglbg) mice to compare tissue counts in respective strains. Whenever appropriate, the variations in organ weights were compared after adjustment for multiple comparison of all pairs of means including experimental and control populations (Bonferroni test). The Kaplan-Meier product-limit estimate was used to analyze survival data and plot the survival function. The Breslow (generalized Wilcoxon) and Mantel-Cox (generalized Savage) statistics were applied to compare the survival functions of genetically distinct subgroups; there were no censored observations. The Student t test procedure for unpaired samples was applied in comparing mean weight values, mean tissue counts, or mean survival between subgroups, the standard error of the mean being presented with these values in the text and tables. When differences in MST for beige and nonbeige mice (AMST) were examined, the beige mutation had a greater impact on survival in the C57BL/6 strain (AMST, 5.5 days; P < 0.001) than in the C3H/He strain (AMST, 1.4 days; P = 0.009). These findings could not be explained by a difference in the baseline NK activity of these two strains of mice; on the basis of H-2 and non-H-2 regulatory influences, slightly higher responses in both NK and natural cytotoxicity were likely to be seen in the C3H/He environment. In addition, the difference at the agouti coat color locus is not likely to be meaningful, since both C57BL/6 +/+ and C3H/HeJ +/+ mice express the resistance phenotype and have similar tissue counts upon death (unpublished data). Further studies were carried out only with the C57BL/6 strain. The infecting dose of cryptococci was reduced to 3 x 104 yeast cells per mouse in an attempt to better discriminate the two genotypes. A group of animals was infected at a later age to evaluate the impact of this factor on the duration of survival. The results are summarized in Table 2 .
The reduction of the infecting dose had little influence on AMST (from 5.5 to 5.2 days) but definitely reduced the scattering of survival observations previously noted in the C57BL/6 population. the AMST for the 54-day-old age group increased to 8.2 days. Survival analysis. Plots of survival functions for the 42-and 54-day-old age groups are presented in Fig. 1 . The difference in AMST between the two age groups was mainly ascribable to an increase in early mortality for the bglbg genotype, as the 75th quantile of the distribution dropped from 18 days in the 42-day-old age group to 15 days in the 54-day-old age group (P = 0.05). When the survival rates of C57BL/6 beige-J mice were compared with those of the parent strain, P values were found to be less than 0.0001. Figure 2 presents the survival functions of C3H/He bglbg and bgl+ mice. The P value for these data was established as follows: 0.007 < P < 0.018.
Organ weight profile. Uninfected C57BL/6 beige-J and C57BL/6 mice were sacrificed at the median survival time of each genotype. For infected C57BL/6 beige-J and C57BL/6 mice, changes in the weight of the brain, liver, and spleen, expressed as percentage values of appropriate uninfected control groups, were in concordance at the time of death. Representative figures for the 42-day-old age group challenged with 3 x 104 cryptococci are: a 59.3 to 61.4% increase in the brain weight, a 63.8 to 65.8% decrease in the liver weight, and a 56.5 to 58.9% decrease in the spleen weight. With the 105 dose, the average increase in brain weight values for C57BL/6 beige-J and C57BL/6 mice exceeded control values by only 25.8 to 26.7% (P = 0.001 for all comparisons with both control and low-dose experimental populations). Clear differences in the organ weight profiles of the two genotypes were noted when infected C57BL/6 animals (dose, 3 x 104; age, 42 days) were sacrificed at the median survival time of the beige-J mutant; on days 18 and 19, when experimental groups were compared with their respective control population, there was a 32 versus 53% increase in the brain weight (P = 0.001), a 41.4 versus 67.8% decrease in liver weight (P = 0.001), and 23.4 versus 58.6% decrease in spleen weight (P = 0.001) for +/+ and bglbg mice, respectively. All recorded variations in organ weight were significant at the P = 0.001 level relative to appropriate uninfected control groups. Normal C57BL/6 mice were found to have significantly higher mean organ weight values than normal C57BL/6 beige-J animals (brain, 433.6 ± 5 mg versus 375 ± 6 mg, P < 0.001; liver, 1,386.4 ± 58 mg versus 1,203.1 + 51 mg, P = 0.027; spleen, 90 + 4 mg versus 66.2 ± 4 mg, P < 0.001).
Tissue counts. Figure 3 presents cumulative results of quantitation of cryptococci in tissues of C57BL/6 and C57BL/6 beige-J mice on days 18 and 19 after infection with 3 x 104 yeast cells per mouse. At that time C57BL/6 mice had lower counts than C57BL/6 beige-J mice in the brain (mean, 1.38 log units; P < 0.0001), liver (mean, 1.31 log units; P < 0.0001), and spleen (mean, 1.98 log units; P < 0.0001). For the two different infecting doses used in this study, quantitation of cryptococci was systematically performed upon death in the C57BL/6 strain. For the two different infecting doses, mean liver counts were found to be consistently lower in C57BL/6 +/+ mice. The average growth in the liver, in log units, at the time of death for +/+ and bglbg mice was 6.206 ± 0.251 versus 7.188 ± 0.088 when 105 cryptococci were injected (P = 0.002) and 6.785 ± 0.114 versus 7.130 ± 0.064 when 3 x 104 cryptococci were injected (P = 0.012). No significant. difference in colony counts in the brain or spleen was seen at the time of death, although with the 105 dose there was a definite trend toward lower mean counts of cryptococci in C57BL/6 mice relative to C57BL/6 beige-J mice (brain, 7.678 ± 0.090 versus 7.929 ± 0.048, P = 0.022; spleen, 6.842 ± 0.178 versus 7.486 ± 0.225, P = 0.034).
Histopathology. Well-defined, cystic collections of fungi were scattered in the cerebrum and cerebellum of both C57BL/6 and C57BL/6 beige-J mice. No inflammatory cells were demonstrated in or around the cystic cavities except for some necrotic macrophages in the center of the cysts. In the leptomeninges, there were isolated or focally clustered cryptococci with a few polymorphonuclear leukocytes, lymphocytes, and macrophages.
Histological studies of the liver revealed that both C57BL/6 and C57BL/6 beige-J mice developed a granulomatous hepatitis, although the architecture of the granulomas varied. In the C57BL/6 +/+ mice, accumulations of macrophages containing only few cryptococci were surrounded by a large number of lymphocytes and a few polymorphonuclear leuko- (Fig. 4a) . Conversely, in the C57BL/6 beige-J mice, macrophages engorged with multiple blastospores were surrounded by a few lymphocytes and a large number of polymorphonuclear leukocytes (Fig. 4b) . Well-demarcated lymphoid follicles and few cystic collections of fungi were observed in the spleen of C57BL/6 mice. In the spleen of beige mice, cryptococcal cysts were more numerous and lymphoid follicles were more ill defined. DISCUSSION We have shown that the bg locus on chromosome 13 influences natural host resistance to cryptococcosis. Increased susceptibility was documented in two different inbred strains, although the large difference in AMST between the two genetic backgrounds indicates that other autosomal genes probably contribute to prolonged survival and heightened resistance. Evidence for a complex interplay of multigenic influences is provided by the failure to demonstrate any accrued susceptibility of C57BL/6 beige-J mice, relative to bgl+ or +/+ littermates, in experimental infections with Listeria monocytogenes (6), Leishmania tropica (16) Plasmodium chabaudi (31), Trypanosoma rhodesiense (14) , and Toxoplasma gondii (15) . The difference in AMST in our study is not ascribable to a difference at the Hc locus for hemolytic complement since both strains of mice carry the Hc' allele which was shown to segregate with the resistance phenotype in a murine cryptococcosis model (25) . By comparative studies performed at the median survival time of the beige mutant group, we were able to demonstrate that the biological response to the infectious agent was different in bglbg and +/+ mice. Although both the changes in organ weights and the growth of cryptococci in tissues tended to a final common point, the time sequence of these events was by no means comparable in the two genotypes. The liver was the single site where colony counts of the two genotypes were most clearly different, at least during the late phase of the infection which was our concern in this study.
A difference was noted in the relative survival time of our two beige populations after challenge with C. neoformans. Although both had a shorter lifespan than the parent strain, C3H/He beige-2J mice were less susceptible than C57BL/6 beige-J mice when compared with nonbeige mice of similar background. The reasons for such a difference are unclear. On the one hand, the genes bgJ and bg2J, although the product of two independent mutations, are believed to be true alleles at the same locus with similar penetrance and biological effects (4) . On the other hand, no meaningful difference has so far been documented between the +/+ and bgl+ genotypes in the C57BL/strain, either through in vitro assays (26, 27) or in in vivo resistance to Candida albicans (9), L. monocytogenes (6), or P. chabaudi (31) . An additional factor was the presence of the Lpsd allele at the Lps locus on chromosome 4 in the C3H/HeJ strain (35) which is known to determine some impairment in the activation, bactericidal, and tumoricidal activity of macrophages (24, 36) ; this mutant gene was seen as a significant factor which would further compromise the ability of C3H/HeJ beige-2J mice to cope with C. neoformans. The kinetics of macrophage-mediated cytolysis of tumor cells has already been shown to be abnormal in mice with the bglbg genotype (20) . Our results indicate that, despite their state of immunodeficiency, C3H/HeJ beige-2J mice displayed considerable resistance to C. neoformans. More work will be required to rule out a difference in the biological effect of the bgJ and bg 2J mutations or uncover genetic or immunological factors which may partially offset the negative influence of the Lpsd and bg2J genes on host resistance to infectious agents.
Another question which must be addressed is the usefulness of Chediak-Higashi mice as a model for NK cell deficiency. Recent reports show only a reduction in the baseline NK activity measured in beige mice (5, 22) . In addition, these NK effector cells are by no means unresponsive to environmental stimuli as a two-to threefold increase in NK activity has been documented after infection with vesicular stomatitis virus (22) or in vivo stimulation with an interferon inducer (15) . Significant in vitro NK cell activation by Corynebacterium parvum has also been reported for the bglbg genotype (5), although in both instances the overall activity of the beige mutant is about one half of that observed in similarly treated +/+ or bgl+ mice. Another unexplored area is the ability of these effector cells to cope with various numbers of microorganisms: is this mechanism potent or easily overwhelmed? An interesting hypothesis is that there is a difference in the two beige populations in this study in their respective ability to activate NK effector cells after challenge with C. neoformans. A differential response in NK activation could be supported by the genetic environ- VOL. 47, 1985 on December 21, 2017 by guest http://iai.asm.org/ Downloaded from ment, such as the presence in the C3H/HeJ strain of the H-2Dk and Qa2,3b haplotypes, which are known to positively influence NK and natural cytotoxic cell reactivity (17, 33) . Host-or organism-derived inhibitory substances could also modulate NK cell reactivity (1) . More work is needed to define more clearly the role of NK cells in host resistance to cryptococcosis and other infectious agents.
Careful consideration must also be given to the fact that other important effector mechanisms of host resistance may be altered in Chediak-Higashi mice. These mice have been used for years as a model for abnormal granulocytes. The number of circulating polymorphonuclear leukocytes is not reduced (3), but they display abnormal bactericidal kinetics (12, 13) as a result of a delay in forming phagolysosomes (29) . The metabolic burst of Chediak-Higashi granulocytes is normal, whereas iodination and oxygen consumption are increased above normal levels (28, 29) . Their chemotactic activity is abnormal in vitro (12, 13) , but cellular exudative responses were not shown to be diminished in mice with the bglbg genotype (21) . Gadebusch has shown that normal mouse granulocytes can actively ingest C. neoformans (11) . Others have demonstrated that this organism is very susceptible to multiple components of the human neutrophil: myeloperoxidase-dependent oxidative mechanisms, low concentrations of hydrogen peroxide, as well as cationic proteins (8, 18) . The ability of beige mutant mice to mount a strong inflammatory response to C. neoformans was ascertained by the histopathological findings in our study (Fig.  4b) . Therefore, the granulocyte abnormality is not likely to have a primary role in explaining how C57BL/6 beige-J mice could develop tissue burdens of crytococci in excess of a full log unit over C57BL/6 +/+ mice on days 18 and 19 of the infection.
Another probable mechanism operating against C. neoformans involves cytotoxic T lymphocytes. Specifically sensitized lymphoid cells, which were shown to be capable of inhibiting the growth of the yeast, should be present in the spleen of infected animals at the end of week 1 (10) . The ability of beige mice to develop normal levels of cytotoxic T lymphocytes is in doubt. Although some investigators did not find any evidence of impairment (22, 27) , others have reported a reduction in inducible T lymphocyte cytotoxicity to tumor and virus-infected cells ranging from one-half to one-third of that of nonbeige control mice (30, 37) . Indeed, our histopathological results indicate that fully developed granulomas with a predominance of lymphocytes are infrequently encountered in mice with the bglbg genotype. Further study of the growth-inhibiting activity of specific cytotoxic T lymphocytes against C. neoformans in the beige model will be helpful in gaining a better understanding of host defenses in cryptococcosis.
